Abstract-Flexible snake-like robot is the research frontier of minimally invasive surgical robot system. In this paper, we discussed the structure of a notched continuum flexible snake -like robot. According to the constant curvature hypothesis, the kinematics model has been established, and its workspace was estimated. When the robot has equal stiffness,due to the effect of internal and external factors, the deformation does not reach the arc state. In order to improve the deformation, and make closer to the arc, we use the method of changing the stiffness of Robot in structure. Verification by finite element analysis and experiment,the results show that the notch continuum flexible snake-like robot variable stiffness makes the deformation is closer to the / 2 l arc, it is proved that the effectiveness of the improved snake robot is verified.
of Tianjin University also has a similar structure to the notch type [3] .
At present, the kinematics model of snake-like robot with constant curvature assumption are common [12] [13] . Although the DDU structure has matured with the technology development, it satisfies the equal curvature assumption and is advantageous to miniaturization. However, the DDU structure is easy to unstability and complex transmission system when the backbone is under pressure [14] . But because of the structure of the notched continuum snake-like robot, it can overcome the shortcoming of DDU. Therefore, the research of notched continuum snake-like robot will be valued in the future.
In the study of notched continuum snake-like robot, the kinematics modeling of notched continuum flexible snake-like robot is established in this paper, and according to the kinematics model, the maximum theoretical rotation angle is calculated.However, due to the properties of materials, friction, internal forces and other factors ,the deformation of notched continuum flexible snake-like robot with equal stiffness often does not show bending deformation of equal curvature, and then affect the motion control and workspace of snake robot in later stage. In order to solve this problem, a notched continuum flexible snake-like robot with variable stiffness had obtained, by changing the thickness of the beam in the structure. By comparing with the equal stiffness, the experimental results show that, the bending deformation of the two sets of variable stiffness models is closer to the / 2 l arc. The stress decreases of 21.0% and 38.3% respectively, and the change of force are better than the model of equal stiffness.
II. MODELING OF CONTINUUM SNAKE-LIKE ROBOT

A. The basic structure of a snake-like robot
In this paper, a notched continuum flexible snake-like robot with variable stiffness is proposed, as shown in Fig.1 . For the sake of convenience, the structural part is named by the following: The whole notched continuum flexible snake-like robot is called " Continuum ". The base of a continuum is called a " Base ". Each layer of the continuum is called a " Disk ". The columns between the floors are called " Beam " . The end away from the base is called " Top ". As is shown in figure 1 ,the base is part of an experimen, it is not part of the continuum. . In this paper, g is the thickness of the beam,it is a variable with different values.When the beam is of equal stiffness, g is a constant, whereas g is not a constant. Combined with Fig.1 and Fig.2 ,the basic shape of the continuum in this paper can be described as follows: three straight grooves with an angle of 60° each other form a unit in the form of an array of elements. For the periphery of the beam, the thickness of the 0.5mm needs to be cut and each beam should be completely rounded in order to reduce stress concentration.
B. Kinematics model
To understand the deformation of a continuum, kinematics model should be established . In this paper , the kinematics model of continuum is established on the basis of constant curvature hypothesis . In the analysis , a unit in the continuum is selected as the research object . As shown in Fig.3 , a kinematics analysis of a unit of a continuum . Due to the Ni-Ti wire drive, the deformation of the continuum and Ni-Ti wire is approximately circular . Following [5] , The relationship between wire driven displacement and arc parameters can be established . and the workspace of continuum can be obtained by arc parameters. The arc parameters include curvature ( κ ) and arc length (s). Because the section of the continuum can be regarded to some extent as the section of the "I" type, thus the neutral bending plane coincides with the center line of the continuum,whish is s h = .
(a) Section I Analysis is represents the 1~3 section of a continuum unit , because of the different angles between the three beams of a unit and the Ni-Ti wire, the deformation of each section is different. As shown in Fig.3 , the beam in the first section is the most distant from the Ni-Ti wire, with the largest amount of deformation,and the second and third beams are the same distance as the Ni-Ti wire , but the angular direction is different ,so the deformation of the two sections is different.
Now we can use i
θ to find the mapping from curvature to tendon displacement ( l Δ ), combining with Fig.3 and geometrical relationship:
According to (2),we need to inver (2) ,so that we can obtain the expression of curvature:
When we know the arc parameters κ and s ,as defined in Fig.3 , D-H parameter table of continuum can be obtained:
The homogeneous transformation between frams 
In addition, in a unit, if the deformation of one section is taken into account, the deformation of the other two sections is not considered.As shown in Fig.4 , the maximum deformation of the continuum can be expressed as : However, when a single section is deformed, the other two sections also deformed. As shown in Fig. 5 , the maximum rotation angle of continuum theory is 180° , and in the experiment (Ex02 for example) is also close to 180°,thus max θ can be expressed as: According to the mechanics of materials, the stiffness is related to the area . Therefore, the variable stiffness beam can be obtained by changing the thickness of the continuous beam (that is , by changing the thickness of each section beam). In order to compare with equal stiffness continuum ,in this paper, two groups of variable stiffness continuum are selected , and the beam variation data are shown in Table 2 . 
III. FINITE ELEMENT ANALYSIS OF SNAKE-LIKE ROBOT
As mentioned above, ideally the maximum rotation angle of continuum theory is 180°. However, in the structure, the stress concentration is easy to appear in the beam, therefore, we need to make a simple finite element analysis of the three groups of objects in Table 2 . The material for continuum can be printed by photopolymers elastomer resin 3D. In fact, the mechanical properties of photopolymers elastomer resin are similar to those of natural rubber [15] . Thus, in the FEM software, the use of a constitutive model is Neo-Hooke's natural rubber instead of a photopolymers elastomer resin. For the wire material, the Ni-Ti alloy is used in the finite element simulation.
For large deformation analysis, the general finite element software is very easy to fail, so this paper uses the " Dynamic , explicit" module of Abaqus to analyze the large deformation. In this paper, three groups of experiments use the same hexahedral mesh and the cell types are all C3D8R . In the continuum ,the base is set to be fully constrained, and in order to improve the efficiency of calculation, the method of applying displacement is used to replace the applied force in this paper, which is applying the displacement 7mm to the Ni-Ti wire . As shown in Fig.6 , the mises stress diagram and deformation situation to the three experiments groups . The red arrow in the figure points to the local view showing the stress from the side ,and the local graph shows the position of the maximum stress of the continuum. As shown in Fig.6 , in the Mises diagram of each group,the stress of each groups of continuum are concentrated at the beam,depending on the thickness of the beam, the position where the maximum stress is located is also different. The maximum value of Ex00 appears at the bottom, whereas the maximum value of Ex02 appears at the top, while the maximum value of Ex01 is near the bottom, but the stress decreases and the segment is relatively uniform.
As shown in Fig.6 , it is obvious that the maximum stress of Ex00 is 83.58Mpa ,and the maximum stresses of Ex01 and Ex02 are 66.03Mpa and 51.57Mpa , respectively. Although it is numerically the same order of magnitude, after changing the stiffness of the beam, Ex01 is relatively reduced by 21.0% and Ex02 is relatively reduced by 38.3%.
The figure pointed to by the black arrow is a local magnification in the black region ,it is represents the size of the deformation. Comparing the two local magnification graphs in figure (a) , it is obvious that the deformation of Ex00 begins from the bottom, while the bending of the top is smaller.This is similar to the deformation encountered in the actual experiment process. Looking at the experimental group Ex01,the deformation of two local magnification graphs and the whole continuum in figure (b) shows that the notch deformation is uniform and the deformation is the closest to the arc, which satisfies the assumption of equal curvature. The deformation of Ex02 is opposite to that of Ex00, which the deformation of Ex02 begins from the top, so the deformation of the top is the largest, and the deformation of Ex02 is close to the deformation from the top down from the state in figure  (c) . The deformation of the constant curvature hypothesis is not close, but does not rule out that the late deformation is close to the hypothesis. Figure 7 . The displacement-force curve of the three experimental groups Fig. 7 shows the displacement-force variation curve of the simulated output of the three experimental groups , which shows the force variation during the displacement of Ni-Ti wire in 7mm . It is obvious that the force variation trend of the three groups is similar, and the reason for the fluctuation of the graph line is related to the beam distribution of the continuum. From the curves in the Fig.7 , we can see that the maximum force of Ex00、Ex01 and Ex02 is 5.4N、4.8N and 3.0N, respectively.
IV. EXPERIMENTAL STUDY ON CONTINUUM SNAKE-LIKE ROBOT
To verify the deformation of the continuum,the experimental system was designed in this paper. Three continuums were obtained based on the variable data in Table  2 and experimental studies were conducted. The continuum is obtained by 3D printing, and its material is made of the photopolymers elastomer resin mentioned above.
The experimental system of this article is shown in Fig. 8 , the system consists of an experimental bench, a Intelligent digital dynamometer (model XMT808-I), a camera and a camera frame (the camera is not shown in the figure).
Because only the bending deformation is discussed. Therefore, in the experiment, only one Ni-Ti wire was towed to achieve bending effect. The displacement of Ni-Ti wire is measured by the marking on the wire corresponding to the coordinate paper. The tensile force is measured by the tension sensor at the end of the wire. The whole deformation process of the continuum is recorded by the camera. As shown in Fig.9 , the change process of the three continuums when the Ni-Ti wire was displaced by 7 mm. Comparing the deformation process of three groups of experiments, it is obvious that the deformation of three groups is similar to that of finite element simulation. For the deformation of Ex00, the first deformation is obvious from the bottom, and the deformation of the middle unit is small. After a certain degree, the top bending begins. The whole process of the notch deformation is not uniform, which is inconsistent with the assumption of equal curvature. The deformation of Ex02 is contrary to Ex01. The deformation starts from the end first, and the notch is relatively uniform during the deformation process. but there is a certain error between the final state and the result of simulation, which may be related to the correction coefficient κ . For Ex01, the deformation process performed best in the three groups, and the deformation of the continuum was relatively uniform. However, due to the low printing accuracy, the force of Ex01 is the most obvious in the experimental process, as shown in Figure 10 .
When the gravitational acceleration is 2 9.8 / m s , the force of each group is ：6.076N、6.35N、3.82N。The Ex00 and Ex02 errors are smaller and closer to the simulation results. Although Ex01 has a large gap between the force value and the simulation result, the deformation is similar to the experimental deformation.
According to the experimental results of three groups, changing the stiffness of the continuum can not only improve the deformation of the continuum but also reduce the force appropriately, which is of great significance to the workspace and force of the snake-like robot in the later period.
V. CONCLUSION
In this paper,a kinematics model of a notched continuum flexible snake-like robot is established based on constant curvature assumption. The method of changing stiffness is used to improve the deformation of snake robot and make it more close to the deformation of equal curvature.
Three sets of experimental data were used to perform a simple large deformation finite element analysis. It was initially found that the relative stiffness decreased by 21.0% and 38.3% in terms of stress, and simple experimental verification was performed. The results show that the variable stiffness deformation is closer to a circle with radius of / 2 l , which more satisfies the equal curvature assumption.
In this paper, only two groups of variable stiffness data were selected for comparison and verification, and the most suitable beam thickness data was not optimized. At the same time, there is no discussion of other variables such as the height of the beam, the shape of the section of the beam, etc.
The next step will be to optimize the solution of the notched continuum flexible snake-like robot, increase the beam height, section shape and other variables to solve the most suitable data.
